Based on the hypothesis that gene products involved in the same biological process would be coupled at transcriptional level, a previous study analyzed the correlation of the gene expression patterns of ligand-receptor (L-R) pairs to discover potential autocrine/paracrine signaling loops in different cancers (Graeber and Eisenberg. Nat Genet 2001; 29:295). By refining the starting database, a list of 511 L-R pairs was compiled, combined to eight data sets from a single pathology, epithelial ovarian cancer, and examined as a proofof-principle of the statistical and biological validity of the correlation of the L-R gene expression patterns in cancer. Analysis revealed a Bonferroni-corrected significant correlation of 105 L-R pairs in at least one data set and, by systematic analysis, identified 39 more frequently correlated L-R pairs, 7 of which were already biologically confirmed. In four data sets examined for an L-R correlation associated with patient survival time, 15 L-R pairs were significantly correlated in short surviving patients in two of the data sets. Immunohistochemical analysis of one of the newly identified correlated L-R pairs (i.e., EFNB3-EPHB4) revealed the correlated expression of ephrin-B3 and EphB4 proteins in 45 of 55 epithelial ovarian tumor samples (P < 0.0001). Together, these data not only support the validity of cross-comparison analysis of gene expression data because known and expected correlations were confirmed but also point to the promise of such analysis in identifying new L-R signaling loops in cancer.
Introduction
Traditional hypothesis-driven strategies for identifying molecular markers of a disease state were based on individual gene analysis. Although useful, these approaches could fail to identify biological relevant differences that are based on subtle but multiple and coordinated gene alterations more than on quantitative expression differences of a single gene. Several recent critical advances, such as sequencing of the human genome and the development of high-throughput techniques for identifying global gene expression, have dramatically accelerated the speed of research. Although extrapolation of biological mechanisms from the generated gene lists remains a major challenge, the availability of numerous published microarray analyses, rich in the amount of high-quality data (1) , and the public access to the original data sets have accelerated the developments of new types of analysis. In fact, the combination of hypothesis-and discovery-based research resulted in the development of new techniques, based on aggregated gene sets (reviewed in ref. 2) , to extract useful information from microarray gene expression data sets (3, 4) and to interpret genome-wide expression profiles (5) .
The use of pathway-oriented approaches has enabled the interrogation and dissection of multiple disrupted signaling pathways during oncogenesis. Accordingly, an algorithm was designed (6) that is suitable for detecting dysregulation of autocrine/ paracrine ligand-receptor (L-R) signaling loops. This approach was based on the hypothesis that two gene products participating in a common function show correlated expression as reflected in their correlated transcription levels. However, to date, this algorithm has only been applied in a single study, in which five cancer-based gene expression data sets originated from different cancers were analyzed separately (6) . In principle, this type of analysis could provide a tool to compare independently derived gene expression data sets, even those obtained from different platforms, and to obtain more consistent results than those from single gene analysis.
Here, we examined patterns of correlated gene expression of ligands and receptors with respect to their role as possible activated signaling pathways involved in epithelial ovarian cancer (EOC). The unfavorable statistics in EOC patients reflects, in part, the poor understanding of the molecular pathogenesis and progression of the disease. As a step toward gaining insight into the mechanisms underlying this pathology and toward identifying potentially meaningful activated signaling pathways, we exploited a previously described L-R database (6) to select frequently correlated L-R pairs by a ''systematic'' analysis of EOC publicly available data sets of gene expression. Analysis across eight selected EOC microarray data sets gave 39 L-R pairs with significant and consistent correlation in at least three data sets. In four data sets, analysis of samples from EOC patients with short-term versus long-term survival showed that 15 L-R pairs were associated to short-term survival in two of the data sets. EFNB3-EPHB4 pair was one of the newly identified L-R pairs and the coexpression was confirmed at the protein level by immunohistochemistry on epithelial ovarian tumors.
Materials and Methods
Public gene expression data. Twenty-five publications on microarray analysis of gene expression profiling of EOC samples were recorded from PubMed 5 ( from January 2000 to May 2005). Gene expression data were available in only eight of these publications and used for our analysis (Table 1A) . These data sets were generated by hybridization on cDNA and oligonucleotide DNA chips in three and five cases, respectively. No additional data manipulation was done to the downloaded processed gene expression matrices, except for the thresholding of negative values to 0 for MAS4-processed data (data sets III and VII). All probe sets and cDNA clones from each platform were assigned National Center for Biotechnology Information (NCBI) gene identifications (7), which were used to match common genes across data sets based on the most recent platform annotation from either (10) expression sets. L-R pair compilation. The list of L-R pairs was manually curated by a PubMed search for proteins interacting on the cell surface. The list was integrated to database of L-R partners (DLRP) contained in the database of interacting proteins 9 (6), yielding 199 ligands and 157 receptors for a total of 511 L-R pairs.
Correlation analysis of L-R pairs. Expression measurements of each L-R pair were extracted from each data set through their respective NCBI gene identification. When more than one cDNA clone or probe set matched a given gene, all possible pairs where considered. Pearson and Spearman correlation coefficients were computed for each L-R pair across each data set; Ps for each correlation were computed using the function cor.test of the software package R 10 and adjusted for multiple testing using the Bonferroni method. The complete list of the extracted correlations for each data set is available.
11
Tissue samples and study subjects. The pathologic and clinical characteristics of EOC patients (Table 1B) were derived from published data (11) (12) (13) (14) (15) (16) (17) (18) or, for our previous study (data set II), by up-to-date clinical information. Data sets I to IV reported clinical information (Table 1B) that allowed subgrouping of the samples according to overall survival. Criteria for subcategorization in short-term and long-term survivors have been reported for data sets I, III, and IV (11, 13, 14) ; for data set II (12), the 36 samples from patients with available follow-up data were split into two groups to obtain median overall survival times similar to those reported in ref. 11 .
Immunohistochemistry. All clinical specimens used in this study were obtained with Institutional Review Board approval and informed consent to use excess biological material for investigative purposes from all participating patients. Immunohistochemistry was done using nine routine 
Results
Generation of DLRP-rev1. The original list of L-R pairs present in the DLRP database was refined based on a literature search for proteins interacting on the cell surface and whose interactions were experimentally proved, which yielded 25 ligands and 33 receptors for a total of 42 added L-R pairs. The revised list (DLRPrev1) used in this study consisted of 199 ligands, 157 receptors, and 511 L-R pairs involved in autocrine/paracrine signaling in eukaryotic cells (Supplementary Table S1 ). This final set of L-R pairs was subdivided according to functional consequence of the L-R interactions [i.e., angiogenesis factor (4%), chemokine (15%), cytokine (23%), growth factor (42%), motility/adhesion factor (14%), and others (2%)].
Identification of correlated L-R pairs in EOC. Analysis of the eight data sets revealed extensive variability in the L-R pairs coverage according to platform type and time of manufacture (Table 1A) . The L-R pairs from DLRP-rev1 extractable from the eight selected EOC microarray data sets (shaded values) ranged from 68 to 417 (excluding redundant pairs) and represented a maximum of 82.5% DLRP-rev1 pairs in data set I to <13.5% DLRPrev1 pairs in data set II. The matrix measuring the overlap provides the possible cross-comparisons between the data sets (Table 1A) .
When multiple probe sets or clones matching a single gene (ligand or receptor) were present, each one was considered separately. Both Spearman and Pearson correlation coefficients were computed for each L-R pair in each data set. Because correlation coefficients (q and r) and the associated Ps assigned for each L-R pair were very similar (data not shown), only the Pearson correlation values were considered. A total of 105 L-R pairs had significant correlation after Bonferroni correction in at least one data set (Supplementary Table S2 ). These L-R pairs were subsequently analyzed across the other data sets for concordant correlations. After several arbitrary selections (e.g., Bonferronicorrected significant correlations in two or three data sets and/or significant correlations in at least half of the informative data sets), L-R pairs that showed a significant correlation after Bonferroni correction in at least one data set and have significant correlations, without Bonferroni correction, in at least two other data sets were considered potentially meaningful. Forty-one L-R pairs showed a significant correlation in at least three data sets (Table 2 ). This arbitrary cutoff produced a substantial number of L-R pairs shown previously to be implicated in EOC molecular signaling [PDGFA-PDGFRA (19), CXCL12-CXCR4 (20), CSF1-CSF1R (21, 22) , FGF2-FGFR4 (12), IGF2-IGF2R (23), HGF-MET (24) , and PLAU-PLAUR (25) ]. Correlations were consistently positive or negative for 36 and 3 L-R pairs, respectively, whereas 2 L-R pairs, CCL4-CCR5 and TGFB1-TGFBR2, showed a contradictory trend of correlation in different data sets and were excluded from further analysis. Among the 39 consistently correlated L-R pairs, 3 pairs are involved in angiogenesis, 13 are chemokine family members, 9 are cytokine family members, 11 mediate growth, and 5 regulate cell migration/ adhesion.
Identification of L-R pairs correlated in EOC subgroups according to survival. Not all tested samples were from surgical specimens (the number ranged from 22 in data set VIII to 113 in data set VII) and the type of clinical information was variable in the different data sets. Based on the available clinical information, EOC samples could be subdivided according to histotype, grading, staging, response to treatment, and outcome (Table 1B) . Because the identification of predictive markers of poor outcome is still a major challenge in ovarian cancer, we focused our further analysis on data sets I to IV where outcome data were available. The samples used for this analysis were all, but three in data set IV, at late stage of the disease and several other clinical variables are known and recorded (see respective references for the criteria for subcategorization in short-term and long-term survivors and further clinical information). Samples with complete clinical history were classified according to length of survival (Table 3A) , and the correlation analysis was focused on L-R correlation in short-term and long-term survivors. Initially, we selected L-R pairs that were significantly correlated in short-term survivors and not or inversely correlated in long-term survivors from the same data set. When no correction for multiple test was done, 166 L-R pairs were found significantly correlated (Supplementary Table S3 ). No L-R pairs showed a significant correlation after Bonferroni correction, probably due to the limited number of samples for each subgroup (range, 16-37). When we arbitrarily based our external statistical validation on L-R pairs showing a concordant correlation in at least two data sets in short-term survivors, the number of correlated L-R pairs dropped to 15 pairs (Table 3B) . A support to our selection criteria comes from the observation that in about a third of the pairs significantly correlated in short-term survivors (LIF-IL6ST, FGF1-FGFR1, FGF4-FGFR3, and FGF7-FGFR2) we observed in the long-term survivors from the same data set an opposite correlation. The ability to discriminate between patient subsets, as well as the inclusion of the IGF2-IGF2R pair already associated with a worse prognosis (23) , further supported the validity of our selection. Correlations in short-term survivors were consistently positive or negative for 10 and 5 L-R pairs, respectively. Of the selected L-R pairs, only IGF2-IGF2R and EFNB3-EPHB4 were identified as correlated also in the entire case material (see Table 2 ), suggesting that the weight of correlation in short-term survivors only was very strong.
Among the 15 correlated L-R pairs, 1 is involved in angiogenesis, 1 and 2 belong to the chemokine and cytokine families, respectively, 6 mediate growth, and 5 regulate cell migration/ adhesion. Furthermore, we found that four of the six growthassociated L-R pairs exhibited a negative correlation and four of the five motility/adhesion factors belong to the ephrin-Eph receptor family.
EFNB3-EPHB4 correlated protein expression in epithelial ovarian tumor specimens. Emerging information on the roles of ephrin proteins and their receptors links them to tumorigenesis and invasion (26) . Although the EFNB3-EPHB4 L-R pair is tagged in the original DLRP as experimentally determined, it is not described as a canonical pair in normal or cancer signaling (27) . In our analysis, the EFNB3-EPHB4 pair was significantly correlated in four of seven EOC data sets and, in two of them, the correlation was also significant only in the short-term survivor subgroup. Thus, immunohistochemical analysis was carried out to determine whether these proteins are coexpressed in epithelial ovarian tumors. Consistent with previous reports (28, 29) , anti-ephrin-B3 antibodies selectively reacted with arterioles, whereas they did not stain venous vessels and the surrounding stromal cells (Fig. 1A, 1) . Anti-EphB4 was strongly reactive with the cell membrane of a colonic adenocarcinoma but was negative on stromal cells surrounding the tumor cells (Fig. 1A, 2 ). Representative staining with anti-ephrin-B3 and antiEphB4 antibodies on different histotypes of EOCs is shown (Fig.  1B, 1-8 ). Anti-ephrin-B3 staining was strong and well defined on the tumor cell membrane of all the different histotypes with some staining in the cytoplasm of tumor and stromal cells; some tumor nuclei also showed weak/moderate reactivity (Fig. 1B, 1, 3, and 7) . Anti-EphB4 antibody strongly stained the membrane of tumor cells of all the different histologic types (Fig. 1, 5-7) , with the exception of clear cell carcinoma where was observed only a weak/moderate cytoplasmic staining of the tumor cells. Basically, no reactivity was observed with anti-EphB4 antibody on stromal cells surrounding EOC cells. On the mucinous-type tumor, the staining with both anti-ephrin-B3 and anti-EphB4 appeared reduced in some cells because of the cytoplasmic filling by mucous (Fig. 1B, 3 and 4) . The anti-ephrin-B3 and anti-EphB4 staining on 8 LMP ovarian tumors and 47 EOC is summarized in Table 4 . Twenty-seven of the 30 serous tumors showed correlated expression of both ephrin-B3 and EphB4 proteins. Within LMP serous tumors, one showed weak staining with anti-ephrin-B3 antibody and one was not reactive with anti-EphB4 antibody. Within serous EOCs, only one showed no reactivity with either antibody, and two samples with weak reactivity with anti-EphB4 antibody showed strong and negative staining with anti-ephrin-B3 antibody, respectively. In all mucinous (6) and endometroid (9) tumors, the staining intensities of both antibodies were correlated. By contrast, 4 of 10 clear cell EOCs were not reactive with anti-EphB4 antibody and 4 samples showed strong reactivity; only 1 sample showed no reactivity with anti-ephrin-B3 antibody. Contingency analysis by m 2 test indicated a significant (P < 0.0001) correlation between ephrin-B3 and EphB4 protein expression levels.
Discussion
Initial evidence in Saccharomyces cerevisiae (30) indicated that genes with similar expression profiles were more likely to encode interacting proteins and, very recently, similar results were obtained for the human genome (31) . A pioneering study analyzed the correlation of the gene expression patterns of L-R pairs with the aim of discovering potential autocrine/paracrine signaling loops in different cancers (6) . Although limited by the data sets available at the time (one for each pathology) and by the relative paucity of L-R pairs extractable from them (range, , that study identified a large number (>30) of known and new signaling loops as potentially active in diffuse large B-cell lymphoma, leukemia, and colon and breast cancer. The systematic evaluation of multiple data sets promises to yield more reliable and more valid results because it is based on a larger number of samples and the effects of individual studyspecific biases are weakened (32) .
In the present study, we refined the starting list of L-R pairs and applied it to numerous data sets from a single pathology, EOC, as proof-of-principle that the correlation of gene expression patterns of L-R pairs is statistically and biologically valid. Integration of the refined DLRP-rev1 database with eight EOC data sets of gene expression matched a larger number of L-R pairs (range, 68-417) compared with the initial study and enabled the identification of 105 L-R pairs showing significant correlation after Bonferroni correction. To select potential candidates, the 105 L-R pairs identified as significantly correlated in a single data set were analyzed across the other data sets to obtain independent statistical validation of their correlation. Several arbitrary selection cutoffs were applied and some were also tested experimentally. In our analysis, we gaged statistical validation as well as the existing knowledge about EOC biology. For the entire case material, we focused on EOC biology, selecting a cutoff based on the correct identification of all seven L-R pairs already implicated in EOC (12, (19) (20) (21) (22) (23) (24) (25) and on means of down-weighting data sets representing fewer initial L-R pairs and/or samples. Our selection criteria reduced the potential L-R candidates to 39 pairs, 7 of which already biologically confirmed. Because the case materials analyzed were biased toward advanced-stage disease (see Table 1B ), the identified L-R pairs are likely associated to EOC biology as well as to EOC progression. The identification of pathways involved in epithelial ovarian oncogenesis awaits gene expression analysis of a larger series of early-stage case material.
The availability of clinical information about overall survival in four data sets provided an opportunity to evaluate correlations potentially associated with late-stage tumor progression. The statistical cutoff adopted for the entire case material (correlation significance after Bonferroni correction) was not informative, probably due to the smaller number of patients included in each data set. When a less stringent level of significance (P < 0.05) was considered, 166 L-R pairs were identified. To validate these correlations, possibly including numerous false-positives, due to the limited knowledge of EOC progression, we should rely only on validation using statistical independent data sets. Our selected cutoff reduced the list of potential candidates to 15 L-R pairs. Only advanced stage EOC patients were selected for analysis of L-R correlation with survival, but the limited number of available cases precluded a further subcategorization. Thus, several clinical variables, such as difference in age, histology, residual disease after debulking, and type of treatment, could confound the results. Some of these factors have been already taken into account in the original articles describing the subcategorization in short-term and long-term survivors (11, 13, 14) and seemed not to play an important role in determining patient's outcome. However, the relevance of candidate L-R pairs in disease progression should be interpreted with caution and await validation in larger data sets and confirmation in biological/ functional assays.
To retrieve further information about the biological significance of our data, we evaluated the distribution of the identified L-R pairs in functional classes (Fig. 2) . The distribution of the L-R pairs potentially correlated to EOC biology after cross-analysis (Fig. 2C) , compared with their relative presence in the DLRP-rev1 database and in correlation analysis of single data sets ( Fig. 2A) , clearly indicated a significant increase in L-R pairs involved in chemokine signaling (33% versus 15% and 23%, respectively) accompanied by a decrease in growth factors and cognate relevant receptor L-R pairs (28% versus 42% and 37%, respectively). By contrast, analysis of L-R pairs potentially correlated to EOC progression in late stage implicated mainly motility/adhesion signaling molecules [33% after cross-analysis (Fig. 2D ) versus 14% in DLRP-rev1 database and in correlation analysis (Fig. 2B) ] and suggested a switch toward a negative correlation in the class of growth factors (see Table 3 ). These observations are consistent with current hypotheses linking epithelial ovarian oncogenesis and progression to inflammation (33) and EOC progression to a dysregulation of cell-cell and cellstroma interactions (34) . The relevance of DLRP database revision based on new biological knowledge is supported by the observation that at least two of the significantly correlated L-R pairs, PLAU-PLAUR (identified in the EOC biology analysis) and TNC-ANXA2 (identified in the EOC progression analysis), could be retrieved by implementation of the originally published database. That database was focused mainly on autocrine signaling, although it contained pairs able to signal also or only through paracrine interactions, and our implementation was partially dedicated to increasing identification of motility/adhesion-involved molecules. Our L-R pair selection, together with the observation that the cancer specimens in all data sets contained 70% to 80% tumor cells but were not microdissected, enabled retrieval of most of the potential tumor-tumor and tumor-stroma autocrine/paracrine interactions.
Despite the improvements relative to the initial study, several potential limitations and bias, as outlined in the original article (6), could also affect our analyses. In fact, the intra-data set evaluation was strongly limited by the number of samples considered (<40 in data sets III and VIII), and the inter-data set comparison might be biased by the type and size of the platform, by the selected genes present on each array, and by the type of samples included in each data set.
Both previous (6) and present studies identified some negatively correlated L-R pairs. By cross-comparison analysis of L-R pairs correlated with EOC biology, only 3 pairs with consistently negative correlation versus 36 with consistently positive correlation were observed. When only the L-R pairs correlated with short-term survivors were considered, the percentage of negatively correlated pairs strongly increased (5 of 15). This may reflect either a lack of autocrine/paracrine signaling due to decreased levels of a ligand/ receptor whenever its cognate receptor/ligand is produced or the transcriptional activation of an alternative ligand/receptor to compensate for the absence of the physiologic signaling. Biological/functional validation is necessary to identify the underlying mechanism. Figure 1 . Expression of ephrin-B3 and EphB4 proteins on normal tissues and ovarian tumor specimens. Immunostaining with anti-ephrin-B3 and EphB4 antibodies was done on paraffin-embedded tissues. Positive controls were as follows: A, 1, normal ovarian arterioles (anti-ephrin-B3); 2, colonic adenocarcinoma (anti-EphB4). B, 1 and 5, serous ovarian carcinoma; 2 and 6, mucinous ovarian carcinoma; 3 and 7, endometroid ovarian carcinoma; 4 and 8, clear cell ovarian carcinoma. Original magnification, Â200. The identification of known and expected correlations in our analysis strongly supports the validity of our cross-comparison analysis and potentially implicated the newly identified correlated L-R pairs in EOC biology and progression. Among the newly identified correlated L-R pairs, we focused on EFNB3-EPHB4. Eph receptors, divided into A and B type based on interaction with their ligands, comprise the largest group of membrane tyrosine kinase receptors, and their ligands, ephrins, are also membrane bound ( for review, see ref. 26 ). The paracrine/juxtacrine signaling is cell contact dependent and can potentially trigger a bidirectional response leading to either cell repulsion or invasion. At present, only the EphA2 protein has been reported to be associated with aggressive ovarian carcinomas (35, 36) . Although very little is known about how Eph receptors contribute to the oncogenic process, EphB4 overexpression has been reported in colon (37) , breast (38) , and prostate carcinomas (39) and positively associated with malignant potential, clinical grade and stage in endometrial carcinoma (40, 41) . Furthermore, EphB4 de novo expression in a breast carcinoma cell line contributes to tumor progression by attracting endothelial cells and inducing neovascularization, thus promoting tumor cell proliferation and survival (42) . Signaling through a paracrine loop between EphB4 and any member of B-class ephrins is required for directional growth of developing vasculature, confirming that the EphB4 receptor can interact with and signal through an overexpressed ephrin-B3 ligand (28) . Our immunohistochemical analysis showed the correlated expression of ephrin-B3 and EphB4 in 45 of 55 ovarian tumor specimens. Clear cell was the only EOC histotype, in which the correlation was absent. A potential explanation rests in recent evidence, by gene expression profiling, that EOC clear cell histotype can be reconducted to normal uterine endometrium (43) , instead of ovarian surface epithelium from which the vast majority of EOC originate (44) . The correlated expression in all the other histotypes was similar irrespectively of grading and malignant potential. Indeed, seven of eight LMP tumors resulted to have correlated expression of ephrin-B3/EphB4 and only one did not express EphB4. LMP ovarian tumors represent a subset of EOC with a very good prognosis, and most of them show molecular characteristics distinct from carcinomas (45, 46) . Hence, analysis of a larger number of samples would allow evaluating the significance of ephrin-B3/EphB4 correlated expression in this subset of tumors. The Eph-ephrin signaling occurs at the membrane level, but it was shown recently that the L-R pair ephrin-B2-EphB4, once activated by cell-cell contact, is endocytosed as a consequence of a cytoskeletal rearrangement that requires RAC function (47) . Accordingly, the cytoplasmic localization of both ephrin-B3 and EphB4 in our analysis might reflect internalization after signaling activation. Overall, our observations suggest the involvement of paracrine/juxtacrine signaling through ephrin-B3-EphB4 in EOC progression. Further studies are needed to address this possibility and their potential usefulness as phenotypic and/or prognostic markers.
Together, our data point to the feasibility of a cross-platform analysis of gene expression data to identify L-R signaling loops in other oncotypes, provided that a sufficient number of data sets are available and that the principle of external validation in independent data sets is uphold. The proposed bioinformatic systematic search of L-R coexpression might also prove useful in conjunction with conventional protein-protein interaction methods of prediction. Once supported and validated by biological/functional assays, the L-R coexpression search might provide insight into the biology of a specific oncotype and could open avenue to the design of specifically targeted new diagnostic and therapeutic tools.
